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Abstract


In order to reduce the influence of coupling capacitance variations on cable voltage measurement, this paper proposes a self-compensating non-intrusive ring-type AC voltage sensor based on capacitive coupling. A theoretical model of the sensor was established, and the influence of parasitic capacitance changes on sensor output was analyzed. Furthermore, a theoretical analysis shows that the parasitic capacitance between the external cable and the sensing probe, as well as between the ground and the sensing probe, will significantly affect the sensitivity of the sensor and increases the measurement error. A ring-type inductive probe and a signal processing circuit were designed, incorporating a reference signal to compensate for the influence of coupling capacitance variations. Additionally, to minimize the impact of parasitic capacitance on sensor output, the length of the outer ring electrode was extended, and a PTFE housing was designed for protection. A prototype of the sensor was developed and tested. This prototype has a good linear response to AC voltage in the measurement range of 0–1000 V with a linearity of 0.86%. The effects of changes in cable diameter and cable position on the measurement were tested separately. The worst-case error of the sensor output is less than 6.44%, representing a reduction of 21.4% compared to the uncompensated case. Under external cable interference, the sensor exhibited an output error of less than 1.85%. The results show that the designed sensor can accurately measure cable voltage despite changes in cable diameter or installation position, and also demonstrates effective shielding against external interference.
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1. Introduction


Voltage measurement of the cable plays a pivotal role in the power system, through which the measurement of the cable voltage can realize power grid fault location, condition monitoring, and load assessment [1,2]. The primary sensors utilized for measuring voltage in an electrical grid are voltage transformers and direct-contact meters [3,4,5]. However, both voltage transformers and direct-contact meters require physical contact with the power line, which involves removing the insulating outer layer of the power line [6,7], and this can pose safety risks, particularly in high-voltage situations. Consequently, they may no longer meet the demands of modern power systems.



Non-intrusive voltage measurement allows for the measurement of cable voltage without physical contact, offering advantages in safety, reliability, and operational simplicity. It represents a significant trend in the future development of power system voltage measurement. Non-contact voltage measurements are typically performed by detecting the electric field at a certain distance from the cable to determine the cable voltage. Currently, non-contact voltage measurement mainly includes optical non-intrusive voltage measurements and non-intrusive measurements based on capacitive coupling. Optical non-invasive measurements entail the conversion of the input electrical signal into an optical signal by using the optical anisotropy of an electro-optical crystal [8,9,10]. This optical signal is then converted into an electrical output following transmission over fiber optics. Among these, optical voltage sensors utilizing the Pockels effect are the most prevalent. Optical non-intrusive voltage measurements exhibit high accuracy, but the device is costly, is intricate, and exhibits low reliability [11,12,13]. Therefore, they are not yet suitable for large-scale practical applications.



Capacitive coupling measurements measure cable voltage by detecting the alternating electric field surrounding the cable. Compared to optical measurements, this method offers the advantages of a lower cost and better environmental adaptability [14,15,16,17]. However, variations in cable diameter and position can affect the magnitude of the coupling capacitance between the cable and the sensor, significantly affecting the accuracy of capacitive coupling measurements. To address these shortcomings of capacitive coupling non-intrusive voltage measurements, a study [18] introduces dynamic sampling capacitance to derive the coupling capacitance between the cable and the sensor. While this approach compensates for cable changes, it places high demands on the parameters of the sampling capacitance. A D-dot measurement method is proposed for reconstructing the cable voltage by multiple sensors in the literature [19,20]. This method, however, demands high sensor position accuracy, necessitating the precise determination of cable and sensor coordinates. Additionally, the literature [11,21] achieves self-compensation for cable diameter variations and position variations by introducing an AC reference voltage. Nevertheless, this literature does not account for external cable interference. In summary, current compensation methods have certain limitations, including high equipment requirements, system complexity, and failure to account for external cable interference.



In this paper, a new type of non-intrusive AC cable voltage sensor is proposed. The proposed sensor is based on the principle of capacitive coupling, and a theoretical model is established to support its operation. Compared to existing studies, this paper employs fractional linear transformation to theoretically derive the impact of external cables and other disturbances on measurement errors. The findings indicate that the parasitic capacitance between the external cables and the probe significantly affects measurement accuracy. By improving the probe design and incorporating a polytetrafluoroethylene (PTFE) shell, the influence of parasitic capacitance is effectively mitigated. A prototype of the sensor was developed and experimentally verified, and non-intrusive measurement of cable voltage in the range of 0–1000 V was realized. Test results demonstrate that the sensor can accurately measure cable voltage despite changes in cable diameter or position. Furthermore, the sensor effectively shields against interference from external cables, enabling high-precision measurement of the cable voltage.




2. Sensor Design


Figure 1 illustrates a simplified diagram of the self-compensating non-intrusive ring-type AC voltage sensor based on capacitive coupling, designed in this paper. The sensor consists of three principal components: an inductive probe, a signal processing circuit, and a data processing system. The inductive probe features two ring-shaped coaxial electrodes (designated as electrode A and electrode B) and an insulating medium filling the space between the electrodes. According to the theoretical analysis, the length of electrode B is extended to reduce the effect of the principal parasitic capacitance. During the measurement process, the inductive probe can be opened along the radial direction of the hole to allow the cable to be placed into the hole. The signal processing circuit includes a shielded cable, a reference signal generator, a transimpedance amplifier, and an instrumentation amplifier. The reference signal is applied to the noninverting input of the transimpedance amplifier, the noninverting input of the instrumentation amplifier, and electrode B. The data processing system comprises an A/D converter chip and a microcontroller unit (MCU). This system performs the analog-to-digital conversion of the signals, processes them in the MCU using techniques such as a fast Fourier transform (FFT), and finally obtains a cable voltage that is not affected by changes in parasitic capacitance. As illustrated in Figure 2, the system is integrated in a PTFE shell that suppresses interference with measurements due to changes in the external environment.




3. Principle


3.1. Self-Compensation Principle


The sensor described in this paper is based on the principle of capacitive coupling for the non-contact measurement of cable voltage. Without considering parasitic capacitance, two capacitances are present between the cable and the sensing probe: the capacitance    C A    between the cable and electrode A and the capacitance    C B    between the cable and electrode B. Additionally, an internal capacitance,    C  AB    , exists between the two electrodes, as illustrated in Figure 3.



Assuming the reference voltage is    v r  =  V r  sin (  ω r  t )   and the cable voltage is    v i  =  V i  sin (  ω i  t )   (where    ω i    is known), the voltage of electrode A is equal to the reference voltage. So, the current output from the capacitor can be expressed as follows:


   i   t −    =  C A    d  d x    (  V r   sin (   ω r   t )  −  V i   sin (   ω i   t )  ) = j  ω r   C A  [  V r   cos (   ω r   t )  −  V i   cos (   ω i   t ) ]   



(1)







Therefore, the output of the instrumentation amplifier can be given by


   v o  = G [ j  ω r  R  C A   V r   cos (   ω r   t ) −  j  ω i  R  C A   V i   cos (   ω i   t ) ]   



(2)




where  G  is the instrumentation amplifier gain and  R  is the transimpedance amplifier gain resistor. Subsequently, the    v o    is transferred to the MCU following the ad conversion process. An FFT is then performed to extract the cochannel signals at the    ω r    and    ω i    frequencies:    v  or   = G  ω r  R C  V r  ,  v  oi   = G  ω i  R C  V i   .



Therefore, the voltage of the cable is given by


   V i  =     V  oi      V  or          ω r     ω i      V r   



(3)







It can be observed that the output processed by the MCU is not influenced by the capacitance    C A   . This ensures that variations in cable diameter and position will not affect the accuracy of the voltage measurement.




3.2. Effect of Parasitic Capacitance


The above analysis is based on ideal conditions. In actual measurements, the parasitic capacitances between the external cable and the probe, between the ground and the probe, and within the measurement system can all influence the measurement output. The measurement system considering parasitic capacitance is shown in Figure 4.    C  da     and    C  db     are the capacitances between the external cable and the electrodes;    C  ga     and    C  gb     are the capacitances between the ground and the electrodes; and    C  pa     and    C  pb     are the capacitances between the center of the shielded cable and its outer layer.



The effect of    C  pa     is negligible as the potentials at electrodes A and B are the same.    C  db    ,    C  gb    , and    C  pb     will affect the reference voltage. However, this effect is negligible due to the low output impedance of    v r   . On the other hand,    C  da     and    C  ga     are equivalent to a parallel connection with    C A   , which will have a significant effect on the measurement output. It is therefore necessary to investigate the effect of    C  da     and    C  ga     on the output.



Suppose the external cable signal is    v d  =  V d  sin (  ω d  t )  . The output of the instrumentation amplifier is corrected by the following equation:


     v o    =   G [ j  ω r  R C  V r   cos (   ω r   t ) − j   ω i  R C  V i   cos (   ω i   t ) +  j  ω r  R  C  ga    V r   cos (   ω r   t )         +  j  ω r  R  C  da    V r   cos (   ω r   t ) −  j  ω d  R  C  da    V d   cos (   ω d   t ) ]     



(4)







Considering that the external cable signal frequency is the same as the cable signal frequency to be measured, the output of the MCU processing is given by


   V i  =     V  oi      V  or          ω r     ω i      V r  +     V  o i      V  o r          ω r     ω i         C  ga   +  C  da      C A      V r  −     C  da      C A      V d   



(5)







It can be seen that the ratio of   (  C  ga   +  C  da   )   and    C A    determines the magnitude of the measurement error. Therefore, the magnitudes of    C A   ,    C  ga    , and    C  da     are explored next.



As shown in Figure 5a, the cross-section of the cable and electrode A is taken. Where circle    C 1    is electrode A, circle    C 2    is the cable and the distance between the centers of the two circles is  L . Neglecting the edge effect at the end of electrode A, the solution for    C A    can be transformed into the solution for the capacitance value between    C 1    and    C 2   . The capacitance between two circles with different centers is difficult to solve directly. Therefore, a fractional linear transformation can be performed to transform it from two non-concentric circles in the Z-plane to two concentric circles in the W-plane and then solved [22,23]. The specific steps are as follows.



The center of circle    C 1    is taken as the origin of the Z-plane, and the line joining the centers of the two circles is taken as the x-axis. To transform    C 1    and    C 2    into concentric circles, it is first necessary to identify the common symmetry points  a  (   x 1   , 0) and  b  (   x 2   , 0) of the two circles. By the definition of a symmetry point, the following can be obtained:


         x 1   x 2  =  R 1 2        ( L −  x 1  ) ( L −  x 2  ) =  R 2 2         



(6)




where    R 1    is the radius of electrode A and    R 2    is the radius of the cable. It can be solved as follows:


       x 1  =   1  2 L    [ (  L 2  +  R 1 2  −  R 2 2  ) −     (  L 2  −  R 1 2  −  R 2 2  )  2  − 4  R 1 2   R 2 2    ]      x 2  =   1  2 L    [ (  L 2  +  R 1 2  −  R 2 2  ) +     (  L 2  −  R 1 2  −  R 2 2  )  2  − 4  R 1 2   R 2 2    ]      



(7)







We performed a fractional linear transformation as shown in Equation (8). This transformation maps point  a  into the origin of the W-plane, while point  b  is mapped to the point at infinity (∞, 0) in the W-plane. The circle    C 1    is transformed into the circle designated as    C   1 ′      in the W-plane. The circle    C 2    is transformed into the equivalent circle,    C   2 ′     , in the W-plane.


  w  z  =    z −  x 1    z −  x 2      



(8)







To calculate the capacitance    C A   , it is also necessary to know the radii    R 1 ′    and    R 2 ′    of the circles    C   1 ′      and    C   2 ′     . We took a point   z =  R 1    on    C 1   , and transformed it to the W-plane with the following equation:


  w ( −  R 1  ) =    −  R 1  −  x 1    −  R 1  −  x 2     =     R 1  +  x 1     R 1  +  x 2      



(9)







Thus,    R 1 ′    can be obtained as follows:


     R 1 ′    =       R 1  +  x 1     R 1  +  x 2            =            L +  R 1         2  −  R 2 2  −            L 2  −  R 1 2  −  R 2 2         2  − 4  R 1 2   R 2 2              L +  R 1         2  −  R 2 2  +            L 2  −  R 1 2  −  R 2 2         2  − 4  R 1 2   R 2 2          



(10)







Similarly, taking a point   z = L +  R 2    on the circle    C   2 ′     , there are


     R 2 ′    =      L +  R 2  −  x 1    L +  R 2  −  x 2            =            L +  R 2         2  −  R 1 2  +            L 2  −  R 1 2  −  R 2 2         2  − 4  R 1 2   R 2 2              L +  R 2         2  −  R 1 2  −            L 2  −  R 1 2  −  R 2 2         2  − 4  R 1 2   R 2 2          



(11)







For a circular capacitor with the same center, the capacitance is given by the following [24]:


  C =     ε 0  2 π   ln (  R 1 ′  /  R 2 ′  )     



(12)







Consequently, the capacitance between the cable and electrode A can be calculated as follows:


   C A  =     ε 0  2 π   ln      R 1 2  +  R 2 2  −  L 2    2  R 1   R 2    +          R 1 2  +  R 2 2  −  L 2    2  R 1   R 2       2  − 1         



(13)







Referring to the above process, Figure 5b,c are solved separately.    C  d a     and    C  g a     are given by


       C  d a   =     ε 0  2 π   ln      L 2  −  R 1 2  −  R  2 d  2    2  R 1   R  2 d     +          L 2  −  R 1 2  −  R  2 d  2    2  R 1   R  2 d        2  − 1             C  g a   =    2 π  ε 0    ln    H   R 1    +      H 2     R 1 2    − 1             



(14)







Substituting the parameters from Table 1 into the calculation, there is


      C  ga      C  A 0      = 0.3038 ,     C  da      C  A 0      = 0.3363  



(15)




where    C  A 0     is the capacitance between the cable and electrode A calculated from Table 1. It is evident that in this instance, there is a discrepancy of at least 61% between the output value and the actual value. This will have a significant impact on the self-compensation effect in practical measurements. The effect of changes in wire and cable diameters and positions on    C A    is calculated.



As shown in Figure 6,    C A    increases with increasing cable diameter (   R 2   ). In addition, as the cable position offset ( L ) increases, the value of    C A    increases exponentially, further increasing the measurement error. In this paper, by increasing the length of electrode B and correspondingly reducing the length of electrode A, most of the capacitance from electrode A to the external cable and ground is converted to capacitance from electrode A to electrode B. This reduces    C  ga     and    C  da    , and thus the measurement error.





4. Experimental Setup and Results


4.1. Experimental Setup


Figure 7a shows a photograph of the prototype self-compensating non-intrusive ring-type AC voltage sensor designed in this paper. The prototype is housed in a PTFE shell. Electrodes A and electrodes B of the probe are made of copper and connected to the signal processing circuit by shielded cable. To improve measurement accuracy, the frequency of the reference signal should be significantly higher than that of the cable under testing. However, due to the limitation of the circuit bandwidth, the reference signal frequency is set to 3000 Hz. The schematics of the signal processing circuit and the data processing system are shown in Figure 1. The TIA of the signal processing circuit is realized using a low-offset AD8626 from Analog Devices, Wilmington, MA, USA, and the INA of the signal processing circuit is implemented using a high-accuracy AD620 also from Analog Devices, Wilmington, MA, USA. The ADC of the data processing system is realized using an AD7606 from Analog Devices, Wilmington, MA, USA, and the MCU of the data processing system is realized using an STM32F405 from STMicroelectronics, Plan-les-Ouates, Geneva, Switzerland. Figure 7b shows a photo of the testing system, which consists of six parts: the cable under testing, the external cable, the electric power source, the brackets, the AC high-voltage meter, and the master computer. The brackets allow adjustment of the cable’s position within the probe. The AC high-voltage meter is employed for the generation of voltages with varying frequencies and amplitudes. The device is capable of generating AC voltages between 0 and 1000 Vrms with an accuracy of 0.04% and a frequency range of 40 to 1000 Hz. The master computer is employed to receive the signals that have been processed by the MCU.




4.2. Linearity Test


In order to verify the accuracy of the voltage measurement, the prototype was tested for linearity. Tests were conducted at a range of AC voltages between 0 and 1000 V at 50 Hz. Figure 8 shows the response of the prototype to AC applied voltages between 0 and 1000 V at 50 Hz with error bars. The best fit straight line between the output voltages from MCU and the applied voltages is    V  m e a   = 0.999 ×  V  a p p   + 0.927  , and a linearity of 0.86% is obtained.




4.3. Response to AC Voltage


To evaluate the capacity of the prototype to measure AC waveform signals, measurement of the instantaneous input signal at the power frequency was conducted. The input signal was acquired using a resistive voltage divider for waveform comparison. The output of the signal processing circuit is illustrated in Figure 9a. It can be observed that the sensor exhibits a good response to the transient waveform of the AC input signal. Figure 9b illustrates the spectrum of the analog signal output by the signal processing circuit. It can be seen that there are two frequency components in the voltage signal of the sensor output, which are 50 Hz and 3000 Hz (   ω i   ).




4.4. Self-Compensation


The self-compensation of the prototype was then tested. With the 50 Hz AC voltage constant at 233 V, the capacitance    C A    was varied by varying the cable diameter and changing the cable position to test the compensation effect of the prototype output. Keeping the cable centered, tests were conducted using wires of different diameters. The results of this test are presented in Table 2. Comparing the output with the reference signal applied and the output with the reference signal grounded, it is observed that the introduction of a reference signal for self-compensation reduced the measurement error by a maximum of 21.4%.



Next, keeping the diameter of the cable constant (9 mm), the position of the cable was changed for testing; the results are shown in Table 3. The maximum error of the prototype output when the cable position was changed is 5.15%. Consequently, the prototype designed in this paper is capable of effectively compensating for alterations in cable diameter and position, thereby ensuring the precise measurement of cable voltage.




4.5. Shielding Effect


To verify the shielding effect of the prototype, an external cable was placed beside the side of the inductive probe. A constant voltage of 220 V at 50 Hz was applied to the cable under testing. To evaluate the prototype’s output under different magnitudes and frequencies of external interference, an interference signal with a range of 50 to 500 V and 50 to 1000 Hz was applied to the external cable. The output error of the prototype under external cable interference, as shown in Figure 10, exhibits a maximum error of only 1.85%. It can be seen that by extending the length of electrode B and designing the PTFE shell, the prototype designed in this paper can accurately measure the voltage of the cable under testing, even in the presence of external cable interference.





5. Conclusions


In this paper, a theoretical model is developed to derive the coupling capacitance variations and the parasitic capacitance affecting the sensor output. The effect of changes in wire diameter and cable position on the measurement is analyzed by theoretical calculations. Additionally, the effect of parasitic capacitance between the external cable and the sensing probe, as well as between the ground and the sensing probe, on the sensor output has been investigated. By designing a ring-type sensing probe and introducing a reference signal, the effect of changes in wire diameter and cable position on the measurement was reduced. Furthermore, the length of the outer ring electrode was extended and a PTFE shell was designed in order to reduce the effect of the main parasitic capacitance on the sensor output. The prepared prototype achieved 0–1000 V AC voltage measurement with good linearity (0.86%). The effects of changes in cable diameter and cable position on the measurement were tested separately. The worst-case error of the sensor output is less than 6.44%, representing a reduction of 21.4% compared to the uncompensated case. Under external cable interference, the sensor exhibited an output error of less than 1.85%. The anti-interference characteristics of the sensor will be further investigated in the future to optimize measurement error of the sensor for existing measurement requirements.
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Figure 1. Simplified diagram of self-compensating non-intrusive ring-type AC voltage sensor based on capacitive coupling. 
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Figure 2. The structure of the sensor. 
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Figure 3. A schematic of capacitance between the cable and the sensing probe. 
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Figure 4. Schematic of parasitic capacitance. 
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Figure 5. (a) The cross-section of the cable and electrode A in the Z-plane the cross-section of the cable and electrode A in the W-plane; (b) the cross-section of the external cable and electrode A in the Z-plane; (c) the cross-section of the ground and electrode A in the Z-plane. 
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Figure 6. The relationship between    C A    and  L  for different    R 2   . 
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Figure 7. (a) Photograph of prototype; (b) photo of testing system. 
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Figure 8. Prototype response to AC applied voltages between 0 and 1000 V at 50 Hz. 
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Figure 9. (a) The prototype response to the AC input voltage (50 Hz); (b) the spectrum of the analog signal output by the signal processing circuit. 
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Figure 10. The output error of the prototype under external cable interference with the external cable voltage ranging from 50 to 500 V and the frequency ranging from 50 to 1 kHz. 
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Table 1. Typical parameters of the structure.






Table 1. Typical parameters of the structure.





	Symbols
	Value
	Symbols
	Value





	    R 1    
	10 mm
	    L 2    
	50 mm



	    R 2    
	2 mm
	    R  2 d     
	2 mm



	  L  
	0 mm
	  H  
	1000 mm










 





Table 2. Different cable diameter test results.






Table 2. Different cable diameter test results.





	Cable Diameter (mm)
	Measured Voltage Without Self-Compensation

(V)
	Relative Deviation

(%)
	Measured Voltage with Self-Compensation

(V)
	Relative Deviation

(%)





	1.5
	267
	14.60
	248
	6.44



	2
	196
	15.64
	246
	5.58



	3
	284
	21.83
	234
	0.43



	4
	265
	13.87
	235
	0.86



	9
	294
	26.21
	221
	5.15










 





Table 3. Different cable position offset test results.






Table 3. Different cable position offset test results.





	Cable Position Offset

(mm)
	Measured Voltage with Self-Compensation

(V)
	Relative Deviation

(%)





	0
	221
	5.15



	2
	228
	1.94



	4
	237
	1.83



	6
	222
	4.50
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